An experimental realization of a heat exchanger with commercial thermoelectric generators (TEGs) is presented. The power producing capabilities as a function of flow rate and temperature span are characterized for two different commercial heat transfer fluids and for three different thermal interface materials. The device is shown to produce 2 W per TEG or 0.22 W cm −2 at a fluid temperature difference of 175 • C and a flow rate per fluid channel of 5 L min −1 . One experimentally realized design produced 200 W in total from 100 TEGs. For the design considered here, the power production is shown to depend more critically on the fluid temperature span than on the fluid flow rate. Finally, the temperature span across the TEG is shown to be 55% to 75% of the temperature span between the hot and cold fluids.
Introduction
Thermoelectric generators (TEG) are solid-state physical devices that convert part of a heat flux directly into electricity using the Seebeck effect. Using TEGs to partially convert waste heat directly into electricity has long been considered an ideal use of TEGs.
Much focus in recent years has been on the hot waste exhaust gas from vehicle engines [1; 2] , but here we will consider a more general style of power generating heat exchanger, which can be adapted to many different kinds of applications with waste heat. The generic setup that we consider is a heat exchanger with two different fluids, hot and cold respectively, and TEGs placed in between these, such that they produce electricity due to the temperature difference and subsequent flow of heat. Such a universal device with heat transfer fluids have been considered from a theoretical perspective in literature for at least 35 years [3] . The novelty of such a device is that the device itself does not need to be adapted to the heating or cooling sources, but relays only on a suitable flow of hot and cold fluids, and the device can thus be adapted to a large range of waste heat applications.
At present, several different directions are considered in the design of a TEG-equipped heat exchanger. One direction is a TEG micro-heat exchanger, which has been considered by Rezania et al. [4] , Wojtas and Hierold [5] and Barry et al. [6] . Another direction of design considered is heat exchangers using air as one of the heat transfer fluids [7] , where a power generating heat exchanger was shown to produce a power of 110 W from 279 TEG modules from a domestic atmospheric gas boiler [8] . In a somewhat conceptually similar system, Zhang et al. [9] considered an air to air heat exchanger with TEGs and a finned heat exchanger design. Using 112 TEG, a total power of 250 W was produced using the exhaust from a diesel generator. Finally, Favarel et al. [10] examined a TEG heat exchanger using air as the hot heat transfer fluid, and showed a good agreement (≤ 10%) between an experimental system and a numerical model. The system produced between 15-50 W. Another popular topic is TEG equipped heat exchangers for automotive applications. Here Lu et al. [11] used a numerical model to conclude that a metal foam heat exchanger for the exhaust gas can produce a larger total power output and efficiency for a TEG heat exchanger compared to a rectangular offset-strip fin. The more conventional heat exchanger geometry was examined by Tao et al. [12] , while Su et al. [13] considered the same application but with a folded-shape internal structure heat exchanger. The final design direction is that of TEG fluid heat exchangers, where a number of experimental realizations exist. Lu et al. [14] considered integrating thermoelectric devices into a large-capacity heat exchanger (100 kW), and experimentally realized a small prototype. However, the goal of the device was to provide supplemental cooling and not to generate power, as is considered here. This was also the case of the system studied by Campbell and Wright [15] . Concerning an actual power producing device, Gou et al. [16] demonstrated an experimental TEG-parallel plate heat exchanger with hot water on one side and a flow of cold air on the other side, using ten TEGs and a hot flow rate of 6 L min −1 . This device realized a temperature difference of 18 K and generated a power of 0.9 W, with a numerical model indicating more power could be generated at higher temperature differences. Esarte et al. [17] considers numerically and experimentally a TEG-heat exchanger with a spiral, zig-zag or straight fins and with water as the heat transfer fluid. Suzuki et al. [18] used a numerical model of a simple TEG-parallel plate heat exchanger to consider how to best introduce the fluid flows across the TEGs. Niu et al. [19] built an experimental 56 TEGs heat exchanger using copper plates, a 60:40 glycol/water mixture and commercial bismuth telluride TEGs. The heat exchanger was so efficient that the temperature span across the TEGs equalled the fluid inlet temperatures, leading to maximally efficient TEGs. The total power produced was above 160 W at a flow rate of 6.6 L min −1 . Crane and Jackson [20] built a simple TEG-heat exchanger with hot water/glycol and cold air as heat transfer fluids and found an optimum power per cost around 1.1 kW/$10000. In another setup Yu and Zhao [21] used a numerical study of a parallel plate co-and counter flow heat exchanger with TEGs to shown that at an inlet temperature of 200 • C the total power of 1.8 W per TEG could be produced for a flow rate of 4 L min −1 of pressurized water. Finally, Champier et al. [22] constructed an experimental biomass cook stoves equipped with 4 TEGs and showed that this could produce close to 8 W at a temperature difference of 170 K.
The conclusion of the existing investigations on TEG-fluid heat exchanger systems remains broad. It has been shown that power generating devices can be realized, but an understanding of how to realize a system with a high temperature span across the TEGs is still challenging. This temperature span is influenced primarily by geometry, flow rate and thermal interfaces, although secondary factors can also be present. In this paper we consider an experimental TEG-fluid heat exchanger and analyze the performance as a function of heat transfer fluid and thermal interface material, as well as flow rate and temperature difference across the TEGs. This will give an understanding of which parameters affect power generation, as well as help in understanding how to realize a cost-effective system.
Previous investigations have not consider the influence of the individual parameters on the system performance, but have focussed more on constructing a working system, capable of generating power. By elucidating the influence of the system parameters, an in-depth understand of how to build the most efficient power generating heat exchanger can be achieved.
The experimental setup
Initially, an small scale experimental realization of a TEG heat exchanger was built and tested. The device consisted of a number of TEGs (4 or 6), with performance characteristics described below, sandwiched between aluminium fluid channels containing a hot and cold heat transfer fluid, respectively. A schematic of the system is shown in Fig. 1 , along with a drawing of the specific pipes used for the fluid channels (PTT001 from Sapa Precision Tubing, Tønder, Denmark). The measured dimensions of the pipe, as determined using an optical microscope, are given in Table 1 . An image of the actual experimental setup can be seen in Fig. 2 . The flow system is run in counterflow mode, i.e. with opposite directions of the fluid flow in the hot and cold channels. This is done to ensure the same temperature span across TEGs all along the A number of TEGs, here six, are sandwiched in between one hot and two cold flow channels. A thermal interface material in placed on either side of the TEGs. In the space between the TEGs, an insulating wool was placed. The specific geometry of the flow channels used are also shown. The dimensions of these are given in Table 1 . channel. In co-flow setup, the TEG at the channel inlet would experience a significantly larger fluid temperature span than the TEG at the channel outlet. The specific channels were selected based on availability, in order to reduce cost. However, previous studies have shown that the exact geometry of the fins themselves seems to have a relative small influence on the performance of the system, albeit for system where the heat transfer fluid was air [7] , or the channels were micro-sized [5] . As can also be seen in Fig. 2 , the channels and TEGs are spring loaded, thus allowing the pressure on the system to be controlled. The flow rate of the hot fluid was measured using a Hedland H602A-002-HT high temperature flow meter, which was calibrated individually for each heat transfer fluid. The temperature of the hot fluid was controlled using a Julabo F25 heating circulator with built-in pump. The flow was regulated using a valve. For all experiments, the cold heat transfer fluid was water at 25 • C, controlled using a chiller. The flow rate for the cold water was measured using an electronic flow meter. The flow rate was kept between 6.3-7.9 L min −1 for all experiments, as this was sufficient to keep the cold side temperature stable. The pressure drop was not measured across the system, but as square channels with simple fins were used, this can be estimated analytically. The pressure drop, ∆p, is calculated using the Hagen-Poiseuille equation,
where µ is the dynamic viscosity, L is the length of the pipe, V is the volumetric flow rate and D H is the hydralic diameter, here D H = 2wh/(w + h) where w is the width and h is the height of the channel. Using the width and height of the channels given in Table 1 and tabulated values of the viscosity, the total pressure drop in all channels can be calculated. The theoretical pumping work is the sum of the pumping work of the hot side fluid and the cold side fluid, where the latter is always water. Two hot side fluids were considered, as will be described subsequently. For both fluids the maximum total theoretical pumping work is close to 0.25 W per TEG, which occur at the highest flow rate and lowest temperature of the hot side fluid. However, at high temperature above 150 • C for both fluids the pumping work decreases to less than 0.025 W per TEG due to a decrease in viscosity with temperature.
Experimental uncertainties
In this paragraph the experimental uncertainty associated with the used measurement equipment will be described. Regarding the temperature measurements, the temperature of the fluid is measured using type K thermocouples connected to a Omega TC-08 USB thermocouple data acquisition module. The accuracy of the type K thermocouple is ±2.2 • C in the temperature range investigated here, while the TC-08 has an accuracy of the sum of ±0.2% of the reading and ±0.5 • C. At the highest fluid temperature range, the absolute temperature accuracy is 2.3 • C. However, the resolution is less than 0.025 • C. The temperature stability of the Julabo F25 chiller is ±0.01 • C. The accuracy of the Hedland H602A-002-HT flow meter is ± 2%, i.e. 0.15 L min −1 . This is in line with the fact that the flow meter has to be read by eye, with indicator marks for every 0.25 L min −1 . The repeatability of flow measurements is given as ±1%.
The electrical measurements were done using a Keithley 2700 Digital MultiMeter with a 20 channel Keithley 7700 board. For the voltage measurements, the resolution is 10µV and the accuracy is 0.0030%, while for the current measurements the resolution is 1µA and the accuracy is 0.06%.
The largest experimental uncertainties are thus related to the measurements of the flow rate. However, these are still acceptable for the conducted experiments, where the flow rate was typically varied in steps larger than 1.5 L min −1 , as will be described subsequently.
Characterization of the TEGs
The TEGs used in the experimental setup were commercial modules of type TG12-4 from Marlow Industries, Inc. These are made of n-and p-type bismuth telluride, Bi 2 Te 3 (BiTe), which is the thermoelectric material with the highest efficiency at hot side temperatures below 250 • C. The area of a TEG is 30x30 mm 2 . A number of other commercial Bi 2 Te 3 modules exist, with performances more or less identical to the modules used here.
The modules used were characterized and the efficiency as a function of temperature in air was measured using an in-house thermoelectric module tester [23] . The measured efficiency and temperature span are shown in Fig. 3 along with datasheet reference values. For the efficiency a polynomial of order η = α∆T 2 + δ ∆T was fitted to the data. The fit has an R 2 value of 0.9996, indicating a good fit to the data. Thus for the Marlow BiTe commercial module, the efficiency as a function of temperature span is given by
where α = −1.21 (5) 
Experimental results
In this part of the paper we consider the power produced by the constructed TEG equipped heat exchanger. Two different sets of experiments were conducted. In one, the thermal interface material between the TEGs and the pipes was varied and in the other the hot heat transfer fluid was varied. In each of these experiments the flow rate and hot inlet temperature were varied independently and the power produced by the TEGs were recorded. For each flow rate and hot inlet temperature, an I-V curve with at least 5 measurement points for all TEGs connected electrically in series were recorded, so that the maximum power could be interpolated. In all experiments all TEGs produced almost the same amount of power, i.e. no reduction of power production was observed downstream of the hot inlet. This is due to the counterflow configuration of the experimental setup. A thermal paste (Omega OT-201-2), which more specifically is a silicone grease with a thermal conductivity of 2.3 W m −1 K −1 , was used as contact material between all TEGs and pipes for this experiment. A thin layer was applied to both the TEG and pipe. A good thermal contact was ensured, as will be discussed subsequently. A total of six TEGs were used in this experimental setup. For this set of experiments, a thermocouple was inserted in the thermal paste between the TEG and the pipe, on both the hot and cold side of the TEG, for all TEGs.
Heat transfer fluids
The power generating performance of the heat exchanger as a function of the difference in hot and cold inlet temperature and the volumetric flow rate is shown in Fig. 4 for the two heat transfer fluids tested. Note that the pumping power per TEG has been subtracted, thus it is the net power produced that is shown. The Evans fluid was not operated at the same maximum hot inlet temperature as the H20S oil, and thus the maximum generated power was lower, as power increases with increased temperature span. However, for the range in temperature span where the two fluids overlap, the Evans fluid is seen to outperform the H20S oil. This is due to a higher thermal conductivity of the Evans fluid as compared to the H20S oil. The pumping work of both fluids are almost identical, so it is only the thermal conductivity to the TEGs that influence the power produced. As can be seen from the Fig. 4b , a power close to 2 W per TEG was produced at the highest temperature span.
As mentioned previously, the temperature was measured across the TEGs using thermocouples. The power produced per TEG as a function of the recorded temperature span is shown in Fig. 5 for the Evans fluid and compared with reference data. As can be seen from the figure, there is an excellent agreement between the power produced at a given temperature span and the reference data. Note that the maximum temperature span across the TEGs is 90 K, whereas the difference in temperature of the hot and cold fluids is 120 K. This is discussed in further detail below.
Thermal interface material
Three different interface materials between the TEGs and the pipes were tested, for selected cases. The first of these were graphite paper (Carbo Tech Nordic ApS), with a thickness of 0.2 mm, a carbon content of minimum 98 % and an in-plane The net power per TEG as a function of the temperature difference between the inlet of the hot and cold channels and the flow rate for graphite paper and no interface material, respectively. The pumping power per TEG has been subtracted from the power produced. The case for thermal paste as interface material is shown in Fig. 4 (b) . The data points are indicated as circles and the color map is made using linear interpolation.
surfaces are pressed more together, resulting in increased thermal conductance between the two materials. However, for the thermal paste, the temperature span across the TEGs remain constant regardless of pressure. This is because the paste fills the entire contact area even at low applied pressures and thus increasing the pressure does not improve the thermal contact. The case of no interface material is clearly seen to be the worse case tested. For the graphite paper the temperature span across the TEGs increases to above that produced by the thermal paste. This is a consequence of the higher thermal conductivity of the graphite paper as compared to that of the thermal paste. The recommended mounting pressure from the manufacturer of the TEGs is 200 psi, but it is seen from Fig. 6 that a lower maximum compression pressure is needed to achieve a stable temperature span for the thermal paste. However, this is not the case for the other materials used at the interface. For the graphite paper a small increase in temperature is possible at higher pressures than those tested here, while for the case of no material at the interface a significant increase in temperature span is possible with increasing pressure.
Having determined the temperature span across the TEGs as a function of the applied pressure, the net power produced per TEG was measured as a function of flow rate and temperature difference at the highest pressure of 160 psi. Note that again the pumping power per TEG has been subtracted. The results are shown in Fig. 7 for the graphite paper and the case where no material was placed at the interface, while the case for the thermal paste is shown in Fig. 4b . The power produced is seen to be highest in the case of graphite paper where a maximum power of 2 W per TEG or 0.22 W cm −2 was produced at a hot inlet temperature of 200 • C and a flow rate of 4.9 L min −1 .
In order to better compare the different heat transfer fluids and thermal interface materials, the power per TEG is shown for a specific flow rate and for a specific temperature difference in Fig. 8 for all cases considered. As can be seen the Evans fluid, in the same temperature range, produces a higher power per TEG than the H20S oil. The power per TEG as a function of flow rate is seen to flatten out with increased flow rate, as also observed in numerical simulations [3] . A relative increase in the inlet temperature is seen to result in a much greater increase in power production than a relative increase in the flow rate, as also observed by Esarte et al. [17] .
Temperature span across the TEGs
In order to investigate the actual temperature span across the TEGs realized in the experimental setup, this has been calculated for the different fluids and thermal interface materials, based on the produced power, as shown in Fig. 5 . Normalizing the temperature difference to the temperature difference of the fluid, the result become a function of the flow rate and not the absolute temperature. This is shown in Fig. 9 where the TEG temperature difference in percent is shown as function of flow rate. The realized temperature span across the TEGs is seen to be 55% to 75% of the temperature span across the fluid. Thus, there is room for improving the heat exchanger, which would lead to a high power generating system. However, the realized temperature spans are still an improvement over the value of 40% reported by Crane and Jackson [20] for a similar experimental setup. As the power produced by the TEG is not linear in the temperature span, as shown in Fig. 5 , could the last 25-45% of the temperature difference be realized, the power produced per TEG would increase to 2. oil at 200 • C, both of which are substantial increases in power production.
A scaled-up experiment
A much larger version of the experimental setup described above was constructed and tested, to verify power production at a larger scale. A setup with 5x2 hot fluid channels and 5x3 cold fluid channels, arranged in a matrix, and with a total of 100 TEGs at the intersections between the hot and cold channels were constructed. This resulted in four "layers" of TEGs, with 25 TEGs in each layer. Graphite paper were used as the thermal interface material. A photograph of the experimental setup is shown in Fig. 10 . The system was tested similarly to the small scale experiment described above, albeit only at the maximum possible hot flow rate of 9 L min −1 per channel and only using the Evans liquid, for simplicity. The produced open circuit voltage as function of both hot fluid temperature and applied pressure was measured, as well as I-V curves at an applied pressure of 48 psi at different hot fluid temperatures. Note that this applied pressure is lower than the previously used 150 psi. This was due to availability of the used springs. The flow rate in the large scale experiment was higher than that in the small scale experiment. The increase in temperature span by increasing the pressure from 50 psi to 150 psi in the small scale experiment can be extrapolated from Fig. 6 , while the decrease in temperature span due to the decrease in flow rate can be extrapolated from Fig. 9 . Performing the calculations, it can be shown that scaling the small system from 150 psi to 50 psi results in a temperature drop across the TEGs that is the same as if the flow rate was changed from 9 L min −1 to 5 L min −1 . Therefore, the large scale setup should be compared to the small scale experiment at this flow rate. The produced maximum power as function of temperature span is shown in Fig 11 , along with reference data and scaled-up results of the small experimental setup. As can be seen from the figure, the small and large scale experiments produce the same power per TEG. This shows that power production on a larger scale using waste heat is possible.
Discussion and perspectives
An experimental realization of a heat exchanger producing electricity is an important step towards applications using TEGs. However, such a device cannot be optimized purely using experimental techniques, as this would be much too cumbersome, time-consuming and costly. Therefore, a numerical model has been developed that can be used to dimension the optimal heat exchanger geometry. This is discussed in a subsequent work [25] . Regarding the power produced by the experimental setup discussed above, the results are comparable to the 1.8 W per TEG found by Yu and Zhao [21] using a numerical model, albeit with TEGs with a quarter of the area considered here. However, their heat transfer fluid was pressurized water, which has a thermal conductivity about a factor of five higher than the fluids considered here, which can easily account for the increased power production. However, the power produced by the system realized here is only about half of that of the system by Niu et al. [19] . This is caused by a limited heat transfer from the fluid to the TEGs. This can be seen in Fig. 6 , where a maximum temperature span across the TEGs of ∆T = 175 K should be expected for the H20S oil in the case of perfect heat transfer from the fluid to the TEGs. However, only a temperature difference of ∆T = 125 K is realized. This is not the case for the system by Niu et al. [19] , which realizes the full temperature span of the fluids across the TEGs, leading to a significant increase in power production.
It is also of interest to discuss the power generation efficiency of the heat exchanger. As the pumping work is negligible at high temperature, the efficiency of the system is given solely by the thermoelectric conversion efficiency of the TEGs in the system, as shown in Fig. 3 . From Fig. 6 it is seen that the maximum realized temperature span across the TEGs is close to ∆T TEG = 125 • C. The corresponding efficiency is calculated to be 4.1%, directly from Fig. 3 , assuming no power has to be spend on cooling the cold liquid. The power conversion efficiency is inherently limited by the efficiency of the TEGs. If the system could be equipped with TEGs with a higher conversion efficiency, the increase in efficiency of the system would increase proportionally.
Conclusion
An experimental realization of a heat exchanger with TEGs was presented and discussed in detail. The power producing capabilities as a function of flow rate and temperature span were characterized for two different commercial heat transfer fluids, and for three different thermal interface materials. The device is shown to be able to produce 2 W per TEG or 0.22 W cm −2 at a fluid temperature difference of 175 • C and a flow rate per channel of 5 L min −1 , for both a small scale device with 4-6 TEGs and a large scale device with 100 TEGs. The optimal thermal interface material was shown to be graphite paper. Furthermore, the power production was shown to depend more critically on the fluid temperature span than on the fluid flow rate. Finally, the temperature span across the TEG was shown to be 55% to 75% of the temperature span of the hot and cold fluids.
